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Hydrogen silsesquioxanes (HSQ or H-resin), represented by (HSiO3/2)2n or T
H
2n, are an
important class of polymers that have gained popularity as spin-on dielectrics by the electronic
industry. Previously in the literature, small oligomeric species such as (HSiO3/2)2n, where n 
4–16, have been identified by GC-MS. However, nondestructive mass spectral results for
larger H-resin molecules have not been reported, likely due to the nonpolar nature of these
molecules. We have utilized a number of “soft” ionization techniques such as field desorption
(FD), desorption chemical ionization (DCI), and matrix-assisted laser desorption/ionization
(MALDI), and demonstrated that they are amenable to hydrogen silsesquioxanes. The [TH2n 
H]· ions were observed by FD-MS while [TH2n  NH4]
 and [TH2n  Na]
 ions were found
utilizing DCI and MALDI, respectively. Based upon the MS results, the polymer compositions
as well as molecular weight information can be easily obtained. The detailed structures of
H-resin components, however, remain a difficult issue, which cannot be answered by MS data
alone. With these preliminary MS results, we have clearly demonstrated that mass spectrom-
etry with the above-mentioned ionization techniques is an invaluable tool that can be utilized
when attempting to solve the challenge set forth by the complexity of hydrogen silsesquioxane
materials. (J Am Soc Mass Spectrom 2006, 17, 1437–1441) © 2006 American Society for Mass
SpectrometryHydrogen silsesquioxane (H-silsesquioxane,HSQ, or H-resin), first synthesized by Collinsand Frye in 1970 [1], has the general chemical
composition of (HSiO3/2)2n where n  3. It received
much attention after its unique applications as carbon-
less protective coatings and interlayer dielectrics were
successfully demonstrated in the early 1990s for the
semiconductor industry [2– 4]. The growing interest in
H-resin is evidenced by the increasing number of stud-
ies published in the external literature, from both ex-
perimental and theoretical investigations [5–7].
Due to its unique physical and chemical properties, it
is of prime importance to characterize H-resins for a
fundamental understanding of their structure–property
relationships. While the composition of H-resin,
(HSiO3/2)n, appears simple, its molecular weight distri-
bution and three-dimensional structures vary greatly
depending upon the synthetic reaction conditions uti-
lized, which in turn can strongly impact the physical
and electronic properties of the final material. The
molecular weight of hydrogen silsesquioxanes can vary
from a few hundred to millions of Da, and little is
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structure of H-resin is often explored using 1H and 29Si
NMR [5]. Gel-permeation chromatography (GPC) has
been the method of choice for determination of molec-
ular weight, relative to polystyrene standards, or more
accurately by utilizing triple detection. Although mass
spectrometry has proven to be an invaluable tool for
molecular weight determination, the mass spectromet-
ric results for hydrogen silsesquioxanes have been
scarce. The only report found in the literature describes
the identification of polyhedral (HSiO3/2)2n structures
by Agaskar and Klemperer [5], where n  4 –16 using
gas chromatography-mass spectrometry (GC-MS). Pre-
viously, we have conducted a study to evaluate the
ability of both field desorption (FD) and desorption
chemical ionization (DCI) mass spectrometry, as a di-
rect means to ionize thermally labile/intractable or-
ganosilicon polymers [8]. FD and DCI were found to be
excellent ionization methods for the direct analysis of
intermediate molecular weight (1000–10,000 u) organo-
silicon polymers including H-resins [9, 10]. More re-
cently, other soft ionization techniques such as electro-
spray ionization (ESI) or matrix assisted laser
desorption/ionization (MALDI) have been widely uti-
lized for mass spectrometric analysis of many organo-
functional silsesquioxanes [11–20], however, to the best
of our knowledge, nondestructive mass spectrometric
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niques have not previously been published. Herein, we
include the FD and DCI mass spectrometric data, which
have been presented previously [9, 10], and the first
MALDI data for a low molecular weight H-resin mate-
rial.
Experimental
Two H-resins, A and B, were prepared at different
times from HSiCl3, using a method similar to that of
Collins and Frye [1].
The field desorption (FD) mass spectra were col-
lected using a Kratos Concept 1H double-focusing mass
spectrometer of Nier-Johnson horizontal geometry. The
FD ion source consists of a FD emitter that is attached to
an electrically isolated probe, which can be biased from
0 to 3 kV, and a set of beam centering plates used for
steering the ion beam and optimizing ion current sig-
nals at the detector. A solution of H-resin, B, was
prepared by dissolving the material in Fisher HPLC
grade toluene, with a final concentration of ca. 0.1%.
The tip of the FD probe, which contains both the field
emitter and an extraction electrode, was briefly dipped
into the H-resin solution. The probe was then inserted
into the FD ion source, and following solvent removal,
8 kV was applied to the FD emitter. The FD emitter was
resistively heated at a rate of 2.5 mA/min until ade-
quate detector signal was observed. A mass range of
100 to 2000 Da with a scan rate of 5 s/decade and an
electron multiplier gain of 1  106 was used to collect
the final FD spectrum. Twenty individual mass spectra
were collected and signal averaged using Kratos Mach
3, Unix-based software.
The desorption chemical ionization (DCI) mass spec-
tra were collected using the same Kratos instrument
with the DCI source operated at 220 eV and 120 °C. A
solution of H-resin B was prepared at a final concen-
tration of ca. 100 ng/ul in toluene. Typically, 0.5 ml of
the H-resin solution was transferred via syringe to the
tip of the DCI probe. The DCI probe tip consists of a
loop of tungsten wire, which can be resistively heated at
rates from 1 to 100 °C/s, using a Kindamen program-
mable power supply. The sample coated DCI probe was
directly inserted into the DCI source and after solvent
removal 8 kV was applied to the DCI source. High
purity ammonia gas (99.95%), was used as the chemical
ionization reagent gas in this experiment. For the H-
resin B sample, the DCI probe tip was resistively heated
up to 200 °C, using a DCI probe tip heating rate of
15 °C/s, until the sample ion intensity profile was
observed to increase, reach a maximum and then de-
crease as the bulk material was distilled off the end of
the DCI probe tip. A mass range of 200 to 5000 Da with
a magnet scan rate of 5 s/decade and an electron
multiplier gain of 3  105 were used to collect the DCI
mass spectrum. The DCI mass spectrum was collected
with an instrument mass resolving power of 5000 (10%
valley definition). Ten individual DCI mass spectrawere collected and signal-averaged using Kratos Mach
3, Unix-based software.
MALDI-TOF MS was carried out using a Bruker
Biflex III instrument (Bruker Daltonics, Billerica, MA)
equipped with a 337 nm nitrogen laser and operated in
the linear mode with an acceleration voltage of 19 kV.
The H-resin A sample was dissolved in tetrahydrofuran
(THF), as was 2,5-dihydroxybenzoic acid (DHBA) ma-
trix (Aldrich, Milwaukee, WI) doped with small
amount of NaCl to enhance cationization. Approxi-
mately 0.5 ml of the H-resin A solution was first placed
on a Scout 386 probe with another 0.5 ml matrix
solution overlaid on top of the first deposited layer. The
mass spectrum was acquired in the positive-ion mode
and represents the sum of 250 individual scans. To
avoid matrix interference, ions 800 Da were deflected
off-axis, thus preventing their detection.
Results and Discussion
Previously, we have attempted to analyze H-resins
using electrospray ionization (ESI) MS without much
success. It usually resulted in complex mass spectra that
were difficult to interpret. The SiOH bond strength is
quite low and its conversion into Si-X (X  C, N, O, or
halides, etc.) can be induced under mild conditions [21].
It is also known, from experience, that the stability of
HSQ materials can be greatly affected if it comes into
contact with moisture, bases, or metals. Since polar
protic solvents such as MeOH are often used in the ESI
analysis of silsesquioxanes, the complex ESI mass spec-
tra observed are likely the result of undesirable reac-
tions occurring during sample preparation and analy-
sis. To minimize mass spectral complexity for hydrogen
silsesquioxanes, MALDI, FD, or DCI can be utilized
since aprotic solvents are used to dissolve the resin
which are then subsequently removed by vacuum be-
fore mass analysis. By avoiding possible side reactions,
the mass spectra thus obtained should truly reflect the
nature of the original material.
MALDI-TOF MS
Figure 1 shows the MALDI-TOF mass spectrum of
H-resin A. Since the sample was prepared using
2,5-dihydroxybenzoic acid (DHBA) as a matrix with
the addition of NaCl, the ions observed are exclu-
sively [M  Na] ions. Note that all ions discussed in
this paper are singly charged. Since H-resin consists
of three elements, hydrogen, silicon, and oxygen, and
each silicon is bound to a hydrogen atom and three
oxygen atoms (strictly speaking, an average of one
and a half oxygens), the Na ion has to bind exclu-
sively to oxygen atoms to form a stable adduct ion.
The spectrum in Figure 2 indicates the presence of [M
 Na] ions over a wide mass range, from 800 up to
7500 Da. Since ions below 800 Da were deflected (see
the Experimental section), to avoid matrix interfer-
ences, the first significant ion was observed at 977 Da,
which corresponds to TH18 (T
H  HSiO3/2). The insert
ass s
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which correspond to the [TH24  Na]
, [TH26  Na]
,
and [TH28  Na]
 ions. Note that the mass difference
between adjacent peaks is 106 Da, which corresponds
to twice the mass of a hydrogen silsesquioxane unit
(2TH). Two O3/2SiH groups represent the smallest
“building block” unit by which hydrogen silsesqui-
oxanes assemble. This is particularly true when hy-
drogen silsesquioxanes are synthesized from HSiCl3
in low polarity aprotic solvents since free silanol
groups rapidly condense to from completely closed
(SiOH free) structures. In other experiments where
the deflector mass cutoff was lowered to 300, TH14
and TH16 were also observed by MALDI. Even smaller
polyhedral oligomers were observed by GC-MS
where TH2n (n  4-9) were readily identified. Agaskar
and Klemperer [5] reported previously the identifica-
tion of these polyhedral H-resin species by GC-MS as
well. Since the EI spectra of these species cannot be
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)Figure 2. Field desorption massfound anywhere in the literature, we have included
the GC-MS chromatogram as well as the typical 70 eV
EI mass spectra of TH2n (n  4-9) in Supplementary
Material section (which can be found in the electronic
version of this article).
FD-MS and DCI-MS
Figure 2 contains the FD mass spectrum of H-resin B.
The observed field desorbed ions represent [TH2n 
H]· species where n  4. A comparison between Figure
2 and the EI mass spectra obtained by GC-MS clearly
demonstrates that FD is an inherently “soft” ionization
technique. The internal energy deposited into the H-
resin molecules is minimal and, therefore, subsequent
fragmentation of the molecular ions is greatly reduced.
An even “softer” approach using DCI was attempted
and the result is shown in Figure 3. Pseudomolecular
ions [TH2nNH4]
were observed up to 4000 Da. In the
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FD and DCI mechanisms since both [TH2n  H]
· and
[TH2n  NH4]
 ions were observed.
H-resin is a unique material that only consists of
three elements, Si, O, and H. The soluble product of the
Frye and Collins reaction [1] contains oligomeric species
and high molecular weight components. The 29Si NMR
analysis of HSQ material typically yields a broad reso-
nance between 80 and 90 ppm [22], which is not
particularly informative other than confirming the gen-
eral composition (HSiO3/2)n. We have also demon-
strated that the detailed compositions of H-resin com-
ponents, such as by TH2n (n 4) can be easily derived
from MALDI-TOF MS, FD-MS, DCI-MS, and GC-MS
data. As for the detailed structures of these compo-
nents, it is not a simple question to address. Three-
dimensional silsesquioxanes generally consist of a mix-
ture of diverse molecular weight structures, and these
may include polyhedrals, ladders, tubes, partial cages,
interconnected cages, or random structures. Even for
small polyhedral species such as TH14 and T
H
16, a
number of isomers exist as indicated by the GC-MS
chromatogram. Possible structures for TH2n (n  6–9)
have been discussed in detail by Agaskar and Klem-
perer, which reflected strong correlation between topo-
logical features of these polyhedral structures and their
29Si[1H] NMR chemical shifts [5]. A significant amount
of computational work has also been carried out by
researchers on the structures of larger silsesquioxane
molecules which suggests that H-resin consists of mix-
tures of cage-like ends interconnected by ladder-like
units [23]. The diversity of structural components
present in H-resin makes this material different from
many polymers, which can be isolated as pure com-
pounds and fully characterized. The challenge set forth
by such a complex material is to identify common
building blocks that can be measured, and then to
Figure 3. DCI massconnect these blocks, to ultimately provide a genericstructure that is flexible enough to account for the
variation of molecular weight as well as other measur-
able parameters. However, the task is certainly beyond
the capability of an individual spectrometric technique
such as NMR or MS alone. Nevertheless, the molecular
weight (MW) and molecular weight distributions
(MWD) of H-resin materials are important for a better
understanding of their chemical and physical proper-
ties. The molecular weight information can be accu-
rately determined by means of recalibrating GPC data
using the MALDI-MS results for H-resin fractions with
narrow polydispersities.
Conclusions
Resinous hydrogen silsesquioxanes (HSQ, or H-resin)
have gained considerable interest as spin-on dielectrics
in the integrated circuit design industry because of its
low dielectric constant and other superior insulating
properties. Despite its growing popularity, little mass
spectrometric data can be found in the literature. Oli-
gomeric H-resin species have been identified previ-
ously by GC-MS. In this report, we have demonstrated
that soft ionization techniques such as FD, DCI, and
MALDI are applicable to larger H-resin molecules and
offer direct determination of polymer compositions and
molecular weight distributions. Although the detailed
structures of H-resin components is a difficult question
to be answered by MS data alone, the information
obtained by various MS techniques hopefully sheds
light onto the challenges set forth by the intrinsic
complexity of H-resin materials.
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